SUMMARY In lightly anesthetized cats, the left middle cerebral artery was occluded using a transorbital approach. Pial arterial pressure was measured with a feedback-controlled micropressure recording system in the territory of the occluded artery, and compared with changes of cortical blood flow, cortical steady potential and cortical EEG activity. After middle cerebral artery occlusion pial artery pressure fell from 56.2 ± 1.6 to 7.8 ± 0.4 mm Hg; during the following two hours it again slowly rose to about 15 mm Hg. Cortical heat conductance, as a measure of blood flow, decreased from 15.1 ± 0.2 to 11.9 ± 0.2 x 10~4cal x cm -1 X sec -1 x °C -1 , and remained at this level throughout the observation period. Cortical steady potential shifted by 9.1 ± 0.7 mV towards negativity, and EEG amplitude was reduced by about 50%. Pial arterial pressure correlated with blood flow, cortical steady potential and EEG amplitude, but not with EEG frequency. Autoregulation and C0 2 reactivity of blood flow were disturbed after middle cerebral artery occlusion. Calculation of extra-and intracortical vascular resistances revealed that this disturbance was entirely due to intracortical vasoparalysis whereas the collateral vessels supplying the ischemic territory continued to react to both pressure and C0 2 changes. Maintained vascular reactivity of collateral vessels, therefore, is a decisive factor for the efficiency of therapeutic blood flow improvement after acute middle cerebral artery occlusion.
ACUTE OCCLUSION OF A MAJOR SUPPLYING
ARTERY of the brain results in regional cerebral isch emia, the size and density of which differs consider ably from animal to animal. Following transorbital ligation of the middle cerebral artery in cats, blood flow in the center of the supplying territory of this artery varied between 2 and 50 ml/lOOg/min, and the size of the resulting infarcts between 18 and 62% of the volume of the affected hemisphere. 1 Factors responsi ble for this variability are differences in blood pres sure, intracranial pressure, blood viscosity, vascular resistance of the collaterals, and presumably also the resistance of vessels within the ischemic territory. It is obvious that the main denominator for the degree of ischemia is the local blood perfusion pressure in the territory of the occluded vessel. Measurement of this parameter, in consequence, is of great interest, not only for determination of threshold values for the per fusion of an ischemic region but also for determination of vascular resistance distally to the vascular occlu sion.
In the present series of experiments cortical blood perfusion pressure was monitored continuously in the territory of the middle cerebral artery of cat brain by measuring pial arterial blood pressure with a feedback controlled micropressure recording system. 2 After oc clusion of this artery, the changes observed were com pared with various physiological, hemodynamic and biochemical parameters in order to obtain a detailed picture of the role of local cortical perfusion pressure about 100 fx) was punctured on the suprasylvian gyrus under microscopical control with a micropipette for non-occlusive blood pressure measurement, as de scribed below.
All exposed regions of the cortex were covered with saline-soaked cotton balls, and intermittently rinsed with warm saline to prevent drying and cooling of the cortical surface.
After physiological variables had stabilized and control recordings had been carried out, the middle cerebral artery was occluded. The interval between exposure of the artery and occlusion was at least one hour. At the end of the experiment the brain was frozen in situ with liquid nitrogen, as described elsewhere (Paschen et al. in preparation).
Recordings
Blood flow was measured continuously with a heat ed thermocouple. 6 The instrumenet was calibrated in gelatine (heat conductance X = 12.5 x 10"
4 cal x cm -1 x sec" 1 X °C~'), and changes of cortical blood flow were expressed as changes of heat conductance of cortical surface. At the end of each experiment, cardi ac arrest was induced to determine the heat conduc tance of the unperfused cortex. This measurement was used as a zero flow reference. C0 2 reactivity was tested by ventilating the animal with 6% C0 2 , and autoregulation by increasing sys temic arterial pressure. The blood pressure increment was evoked non-pharmacologically by occlusion of the abdominal aorta with an intra-aortal balloon.
Pial artery pressure was measured non-occlusively with a feed-back controlled micropressure recording system 2 Micropipettes with tip diameter of about 5 p. were filled with 1 M NaCl, and the system was cali brated before and after the experiment by lowering the pipette with a micromanipulator into a cyclinder filled with saline.
Steady potential of the cortical surface was meas ured with small calomel electrodes. The active elec trode was placed on the surface of the ectosylvian gyrus, and the indifferent electrode on the occipital bone. EEG was recorded with the same calomel elec trode as for D.C. potentials, and the amplified signal was fed into a laboratory computer (PDP12, Digital Equipment, Maynard, MA.) for Fourier frequency analysis. EEG intensity was expressed as the sum of Fourier coefficients covering the range from 0.5 to 20 cps. Amplitude linearization was obtained by calculat ing the square roots of the coefficients. 7 As a measure of EEG background frequency, an index was calculat ed by dividing the intensity of the high frequency bands (8 -20 cps) through that of the low frequency bands (0.5 -7.5 cps).
All physiological signals were recorded on a poly graph and stored on magnetic tape for offline process ing, if necessary.
Results
The pial artery pressure (PAP) was measured nonocclusively in small arteries with a diameter of about 100 located on the surface of the left suprasylvian gyrus ( fig. 1,2 Regulation of bloodflow after middle cerebral artery occlusion was severely disturbed, as reflected by the close relationship between spontaneous changes of pial artery pressure and cortical blood flow ( fig. 3) . The disturbance of autoregulatory capacity was stud ied in more detail by induced hypertension (fig. 4,  table 2 ). In order to avoid an interference of drug effects with autoregulatory mechanisms, the pressure increment was produced not by infusion of sympathicomimetics but by transient occlusion of the abdomi nal aorta with an intravascular balloon.
Before middle cerebral artery ligation, the change of cortical heat conductance (autoregulatory index) was 4 . This demonstrates that following middle cerebral artery oc clusion, the collateral vessels supplying the ischemic territory autoregulate and therefore reduce the blood supply to this region.
Two hours after the beginning of ischemia, autoreg ulation was partly restored. This response is presum ably "false" autoregulation 8 due to developing in tracortical edema because it correlated with the spontaneous rise of intracortical vascular resistance (table 1) .
C0 2 -reactivity of the cortical vasculature was stud ied by ventilating the animal with 6% C0 2 ( fig. 5, table  3 ). Before ischemia, hypercapnia induced a decrease of PAP by about 18 mm Hg; after ischemia, PAP did not change during C0 2 ventilation. The C0 2 index of blood flow before ischemia amounted to 56 X X 10" 
Electrocortical
activity was recorded before and after middle cerebral artery occlusion from the same cortical region in which PAP was monitored. Immedi ately after vascular occlusion, EEG intensity declined to about 50% of the pre-ischemic value and in most animals remained at this level throughout the experi ment ( fig. 2) . The changes of EEG background fre quency were less dramatic. The EEG frequency index -which is the ratio of fast to slow frequency intensity -decreased by only 20%. The predominance of EEG amplitude versus frequency changes was also reflected by the relationship with pial artery pressure ( fig. 3) . A significant correlation existed between PAP and EEG intensity, but not with EEG frequency index. Acute reduction of cortical perfusion pressure, in conse quence, affects mainly the amplitude but to a much lesser degree the frequency content of electrocortical activity.
The cortical steady potential shifted after middle cerebral artery occlusion towards negativity ( fig. 1,2) . The shift began after about 30 sec, initially at a slow and later at an accelerating rate until, after 2-3 min, steady potential sharply declined to a level somewhere between -5 and -13 mV. The average DC potential after 15 min was 9.1 ± 0.7 mV below the pre-ischemic level. In the individual experiment the level of the steady potential shift was a function of cortical perfusion pressure (fig. 3) . In analogy to the changes of EEG intensity, decreasing PAP caused an increas ing shift of DC potential. In some animals in which PAP spontaneously rose in the course of the experi ment, the DC potential also improved. However, this was not a consistant finding, and the average DC po tential shift remained at the same level throughout the experiment despite the slight increase of PAP.
Discussion
Non-occlusive pial artery pressure measurements have been carried out by several authors in normal animals for determination of the localization of cerebro-vascular resistance.
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The results obtained are very similar to our pre-ischemic recordings: the pres sure in pial arteries with a diameter of about 100 /x was 50-70% of that in the aorta. The pressure decrease across pial arteries is relatively low: 5-15% according to Fox and Stromberg, 13 and about 10% according to Dieckhoff and Kanzow. changes of blood flow, and therefore can be used for determining directional changes of extra-and intracor tical resistance. Such a calculation, however, assumes that blood flow is conducted across resistances coupled in series. This assumption is questionable in view of the ana tomical configuration of the intracortical vascular bed, and is undoubtedly wrong as far as the extracortical vasculature is concerned. After middle cerebral artery occlusion blood supply to the ischemic territory is mainly by Heubner's pial anastomoses which form a multiple-branched network on the surface of the cere bral cortex.
14 Blood flow, in consequence, is conduct ed through a system of parallel resistances, the respec tive participation of which in total vascular resistance is impossible to evaluate. By simplification, however, the resistance network upstream from the pial artery recording site may be lumped into one global resis tance, the changes of which can, in fact, be described quantitatively. The results obtained, therefore, do not refer to a given branch of the vascular bed but to the total vascular system up-or downstream from the pial artery pressure head.
Using this approach, the participation of the extraand intracortical vasculature for flow regulation was evaluated before and after middle cerebral artery oc clusion. Already in the normal state, a striking differ ence of the responsiveness of extra-and intracortical vessels was noted in respect to changes of blood pres sure and arterial pC0 2 . During induced hypertension, approximately 30% of total resistance changes were built up by extracortical arteries, whereas flow in crease during hypercapnia was entirely due to dilata tion of intracortical vessels. Surprisingly, resistance of extracortical vessels paradoxically increased during ventilation with carbon dioxide, a phenomenon which has not been described before. The difference in the anatomical localization of resistance regulation during autoregulation and C0 2 -reactivity is in line with pre vious observations 13, 15 and is one of the many argu ments against a unified hypothesis for hemodynamic and metabolic flow regulation.
Following middle cerebral artery occlusion, pial ar tery pressure fell to about 20% of the pre-ischemic value. This value is of the same order of magnitude as in previous investigations, [16] [17] [18] and corresponds to the pressure range of 10-16 mm Hg predicted in a comput er model of simulated middle cerebral artery occlu sion. 19 Cortical heat conductance after middle cerebral artery occlusion decreased from 15.1 to 11.9 x 10~4 cal x cm -1
x sec -1
x °C~'. Heat conductance of the non-perfused cortex after cardiac arrest is 10.2; blood flow, in consequence, fell to about 30%, which is also in line with previous quantitative measurements. 8 Symon and coworkers 20, 21 reported in the sixties an experimental investigation of pial artery pressure fol lowing middle cerebral artery occlusion in dogs and monkeys. This study is not directly comparable with the present one because pial artery pressure was meas ured with small catheters which occluded the vessel lumen, a methodological difference which presumably accounts for the fact that prior to ischemia pial blood pressure amounted up to 95% of femoral artery pres sure. During ischemia, an interesting difference was noted between the two species: in monkeys pial artery pressure remained stable at a level of about 25 mm Hg, but a considerable increase to almost 40 mm Hg was observed in dogs, indicating a gradual improvement of collateral blood supply in the latter species. Our results in cats are closer to the monkey model; we observed an improvement by only about 7 mm Hg which suggests that in cats delayed collateralization of the ischemic territory is of minor importance.
Pial artery pressure, over a wide range, correlated with blood flow as well as with EEG amplitude and the cortical steady potential. There was no threshold rela tionship between these parameters; it appeared, how ever, that critical ischemia as previously defined 1 oc curs at a local perfusion pressure between 5 and 10 mm Hg because at this pressure electrophysiological dis turbances become most pronounced.
As expected, intracortical vascular resistance after middle cerebral artery occlusion decreased, and corti cal vessels did not respond to either changes of system ic arterial pressure or arterial pC0 2 . The slight im provement of autoregulatory index a few hours after onset of ischemia is presumably false autoregulation as a consequence of increased regional tissue perfusion pressure during the development of ischemic brain edema. These findings are in agreement with the long known phenomenon of vasoparalysis and total abolish ment of flow regulation under ischemic conditions.
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The new and probably most important aspect of the present investigation is the reactivity of extracortical vasculature after middle cerebral artery occlusion. It is obvious that the increment of extracortical resistance after vascular occlusion reflects the resistance of the collateral vessels supplying the ischemic territory, in particular Heubner's pial anastomoses. Extracortical resistance changes during induced hypertension or hy percapnia, therefore, can be interpreted mainly as a response of these vessels. The results obtained suggest that the collaterals react to such changes in a similar way as normal brain vessels. This has been well-docu mented for induced hypertension which caused a con siderable increase in extracortical vascular resistance. During C0 2 inhalation extracortical resistance did not decrease. However, this is probably not due to a loss of C0 2 reactivity of the collateral vessels, but the net effect of proximal (large vessels) vasoconstriction and distal (collateral vessels) vasodilation, as suggested by the relative decrease of resistance in comparison to the pre-ischemic situation.
These findings have several interesting therapeutic implications. The fact that collateral vessels are not rigid in a hemodynamic sense, suggests that they may be accessible to pharmacologically induced vasodila tion. Such a vasodilation would result in a considerable improvement of flow, as demonstrated by computer simulations of middle cerebral artery occlusion. 19 Even prevention of autoregulatory vasoconstriction of the collaterals would be of importance because the present findings demonstrate that a slight improvement of lo cal pial artery pressure above the critical value of 5-10 mm Hg considerably improves blood flow and electrocortical function. A maximum effect can be expected by combining pharmacologically induced vasodilation and mild hypertension. Pial artery pressure recording would be most useful to optimize this approach.
Another conclusion concerns the possible use of hypercapnia for improving blood flow. In previous studies considerable disagreement has been expressed about the presence or absence of steal phenomena and, in consequence, about the potential usefulness of hy percapnia for the treatment of stroke. 26 " 28 If the inter pretation of our results is correct, the failure of improv ing blood flow by hypercapnia is due to the fact that vasodilation of collaterals is counteracted by the simul taneous vasoconstriction of the peripheral segments of the extracranial vascular bed. The combination of C0 2 inhalation with vasodilating agents, therefore, may be of benefit. Also, this approach could be tested under continuous monitoring of pial artery pressure.
